Cadherins are cell-cell adhesion proteins essential for the maintenance of tissue architecture and integrity, and their impairment is often associated with human cancer. Knowledge regarding regulatory mechanisms associated with cadherin misexpression in cancer is scarce. Specific features of the intronic-structure and intronic-based regulatory mechanisms in the cadherin superfamily are unidentified. This study aims at systematically characterizing the intronic portion of cadherin superfamily members and the identification of intronic regions constituting putative targets/triggers of regulation, using a bioinformatic approach and biological data mining. Our study demonstrates that the cadherin superfamily genes harbour specific characteristics in comparison to all non-cadherin genes, both from the genomic and transcriptional standpoints. Cadherin superfamily genes display higher average total intron number and significantly longer introns than other genes and across the entire vertebrate lineage. Moreover, in the human genome, we observed an uncommon high frequency of MIR (mammalian-wide interspersed repeats) and MaLR (mammalian-wide interspersed repeats, a subtype of LTR) regulatory-associated repetitive elements at 5¢-located introns, concomitantly with increased de novo intronic transcription. Using this approach, we identified cadherin intronic-specific sites that may constitute novel targets/triggers of cadherin superfamily expression regulation. These findings pinpoint the need to identify mechanisms affecting particularly MIR and MaLR elements located in introns 2 and 3 of human cadherin genes, possibly important in the expression modulation of this superfamily in homeostasis and cancer.
INTRODUCTION
Cadherins are transmembrane glycoproteins involved in biological functions from tissue morphogenesis to cancer. 1 All cadherin proteins share one or more copies of a 110-residue extracellular peptide (cadherin repeat-EC), responsible for mediating calcium-dependent homophilic/heterophilic cell-to-cell adhesion. 1 Many cadherin superfamily members have been proved or suggested to work as tumour suppressor genes and oncogenes in different cancer contexts. Changes affecting cadherin expression are of particular relevance in epithelial cancers, which constitute approximately 80-90% of all human cancers. 2 In this context, the non-homeostatic loss of cellular adhesion is frequently the master trigger for invasion and metastization. 3 Both genetic and epigenetic changes affecting cadherin genes can occur during carcinogenesis with the single purpose of disturbing cellular adhesion and allowing the escape of cancerous cells from primary tumours to more distant locations. 2, 4 E-cadherin (OMIM*192090), a classical tumour suppressor gene, possesses anti-invasive and anti-metastatic properties, 5 and the clinical turning point in carcinoma progression and metastasis is mediated by its disruption in 90% of all epithelial cancers. 5, 6 Although classical gene inactivation (mutation, gene loss and promoter hypermethylation) and transcriptional and post-transcriptional mechanisms (transcription repressors, RNA and protein quality control) hamper normal E-cadherin expression and function, 5, 7 these phenomena are insufficient to explain E-cadherin impairment both in the development and overall tumour progression. Regulation by non-coding RNAs (microRNAs), alternative transcripts (antisense transcripts) and alternative translated isoforms (antagonistic isoforms) have recently emerged as a new layer to explain gene and protein expression alterations, 8 nevertheless their impact on E-cadherin expression and function control in cancer is still poorly understood. A study by Stemmler et al 9 have shown that intron 2 of CDH1 (ENSG00000039068), the gene encoding E-cadherin, entailed unknown regulatory sequences required to initiate transcriptional activation and to maintain its expression in mouse embryo differentiated epithelia, highlighting the importance of intronic elements in gene expression regulation.
Another interesting phenomena related with the members of the cadherin superfamily is the so-called cadherin switch, often observed in different types of cancer. 10, 11 For example, E and/or P-cadherin expression is often replaced by N-cadherin in malignant breast and prostate cancers, 5 and desmocollin 2 expression is replaced by de novo expression of desmocollins 1 and 3 in colorectal cancer. 10 Regardless of the numerous observations in cadherin superfamily members' misexpression in cancer and other diseases, the mechanisms that control these effects are vastly unknown. Growing evidence attribute protein functional impairment to regulation by or at non-protein coding intronic and intergenic sequences. 12 Therefore, the aim of this study was to systematically characterize the intronic portion of cadherin superfamily members, in order to identify regions constituting putative targets of regulation. Using a bioinformatic approach, mining current gene annotation data, 13 as well as biological data from the ENCODE project, 14 we investigated genomic and transcriptional intronic-related features of this gene superfamily.
MATERIALS AND METHODS
Selection of cadherin and non-cadherin genes across species -the seven-domain approach Using the Ensembl database (v52, v60) 15 and InterPro annotation of protein domains, 16 a keyword search was performed in order to obtain all domains that are present within cadherins from six species that have an extensive genomic infrastructure (such as expressed sequence tag (EST) and cDNA collections) and high coverage after genome sequencing/assembly: Homo sapiens, Mus musculus, Gallus gallus, Danio rerio, Xenopus tropicalis and Ciona intestinalis. These six species provide a general view on chordate evolution starting from C. intestinalis (commonly used to explore the evolutionary origins of the chordate lineage 17 ) up to H. sapiens. The following keywords were used based on cadherin superfamily literature information: cadherin, protocadherin, desmosome, desmoglein. Seven domains were thus obtained: IPR000233; IPR002126; IPR006644; IPR009122; IPR013164; IPR014868; and IPR015919. Using PERL scripts and Ensembl API, we collected all non-repeated protein-coding genes, which contained at least one of the seven domains selected as well as both an ATG and STOP codons (data set A). The canonical transcript for each gene was selected based on three criteria in the following order: coding sequence length; number of exons; and transcript length (Supplementary Table 1 ). For each species, all protein-coding genes that were not selected as cadherins (absent from data set A, given the total absence of the seven InterPro domains selected) were classified as non-cadherin genes, which were used as reference for comparisons with the cadherin superfamily. The same selection criteria were used to select a canonical transcript for each non-cadherin gene. A new cadherin data set (data set B) of genes corresponding to proteins studied by van Roy and group 18 was built by manual identification (NCBI database) and using PERL scripts (to inquire Ensembl database).
Length class and longest vs non-longest division of introns
To calculate intron density as a function of intron length, all cadherin and non-cadherin introns extracted from Ensembl were partitioned into three length classes: introns were ranked according to their size and subsequently clustered, such that each length class possessed the same total nucleotide number (bp), which corresponds to one-third of the sum of the length of all introns extracted. 19 This ranking and clustering was done for three species given the extensive cDNA evidence (H. sapiens, M. musculus, D. rerio), and distinct length classes were obtained, given interspecies intronic variation (Supplementary Table 3 ). After ranking and clustering all introns from each species, each intron was sorted depending on being annotated to a cadherin or non-cadherin gene. All introns were also sorted within each gene depending on being the longest of all introns or one of the non-longest introns. Only genes with at least two introns were used in this part of the sorting analysis. Four groups were thus obtained: cadherin longest introns; cadherin non-longest introns; non-cadherin longest introns; and non-cadherin non-longest introns.
Non-coding sequence conservation analysis
To determine intronic sequence conservation within cadherin and non-cadherin introns, all available data on mammalian conservation from the Ensembl database 15 was used. The frequency of genomic evolutionary rate profiling (GERP) constrained elements across 12 mammalian species was analysed to inquire intronic sequence conservation (obtained using Ensembl's EnredoPecan-Ortheus pipeline on 12 eutherian mammals 20 ). Cadherin and non-cadherin introns from each of the three length classes described were analysed separately. Moreover, both all cadherin and non-cadherin introns and only the longest introns were analysed. A data set was also produced by randomly collecting 1000 sets of 1000 non-cadherin introns, which were also analysed in terms of sequence conservation across mammalians (random data set). For each length class, an average frequency of GERP constrained elements was computed and plotted. For the random data set, the average frequency of GERP constrained elements added or subtracted by 3 SDs was calculated and plotted, thus allowing graphical assessment of significant differences in mammalian conservation.
Total intron number analysis
With Ensembl API and PERL scripts, the total number of introns in each selected canonical transcript was extracted from the six species selected previously (cadherins and non-cadherins). The resulting distributions were plotted and compared using the Wilcoxon rank-sum test 21 and the P-values corrected using the Bonferroni correction. Three adhesion-related families were selected following the same strategy as for cadherin data set A: ADAM 22 (IPR006586-44 genes); integrins 23 (INTs, IPR000413-19 genes); and tyrosine kinases 24 (TKs, IPR008266-99 genes). Three families unrelated with cellular adhesion were also selected: ARF 25 (IPR006688-106 genes); MHC 26 (IPR011162-90 genes); and POU 27 (IPR013847-102 genes). From within all adhesion-related genes (n¼162 genes, derived from ADAM, INT and TK families), adhesion-unrelated genes (n¼298 genes, derived from ARF, MHC and POU families), 1000 randomized sets, of 104 genes each, were selected (because data set A included 104 genes). The total intron number of each gene from each family/data set was extracted using the Ensembl 15 database. For the randomized data sets, we then calculated the overall average intron number, the minimum, maximum and average inter-quartile range (IQR). 28 
Intron length analysis across cadherin and non-cadherin introns
With Ensembl API and PERL scripts we extracted the length of all introns present in each selected canonical transcript from six selected species. Cadherin (data set A) and non-cadherin introns were separated according to the three length classes described and length status (longest and non-longest). The number of introns in each group (length class and length status) was computed. The number of introns in each group was compared (cadherins longest introns vs non-cadherins longest introns; cadherins non-longest introns vs non-cadherins non-longest introns). The Test of Equal or Given Proportions 21 was performed and the P-value corrected using the Bonferroni correction. The length of the longest intron and the average length of all non-longest introns were calculated for each cadherin (data set A) and non-cadherin gene. The distributions obtained for the lengths of longest introns from cadherin and non-cadherin genes were compared. The same was done for the average lengths of non-longest introns. The comparisons were done using the Wilcoxon ranksum test, 21 and were performed for all cadherin and non-cadherin introns from the six species queried. The average ratio between longest introns from cadherins and non-cadherins was calculated: (1) all average lengths for longest introns obtained previously were summed and divided by the total number of cadherin longest introns annotated; (2) the same was done for non-cadherin introns; (3) these two values were divided thus obtaining the overall ratio between cadherin and non-cadherin longest introns. The same was done for non-longest introns.
Analysis of the position of the longest intron
Using PERL scripts and the Ensembl database (v52, v60), the position of the longest intron was assessed in both cadherin (data set A) and non-cadherin genes: ie, position 1 corresponds to the first intron in the gene (most 5¢) immediately after exon 1. The Wilcoxon rank-sum test 21 was selected to compare the obtained intron position distributions. The same was done only for length class 3 longest introns.
Analysis of the frequency of regulatory elements and repetitive elements
Several regulatory and repetitive elements were analysed in terms of frequency. Data for both these types of elements were obtained using the Ensembl database (v52, elements inquired in Supplementary Tables 8 and 9 ). The analysis was done by comparing the frequency of base pairs overlapping each feature studied in human cadherin and non-cadherin introns as well as with the random data set of introns described previously. Introns were studied Intronic portion of cadherin superfamily members P Oliveira et al separately according to the three length classes described earlier. Moreover, introns were studied as a whole as well as separated into longest and non-longest.
Intron length, repetitive elements and CAGE data analysis
Introns from each of assessed position were analysed in terms of length and number of Alu, MIR and MaLR elements normalized to intron length of origin. Introns were also assessed in terms of intronic transcription, using the available data from the CAGE experiments within the ENCODE project 14, 29, 30 (files analysed are described in Supplementary Table 10) . We focused on CAGE data collected using the 'normal' lymphoblastoid cell line GM12878: long poly-Anegative RNA from both genomic strands and from the nucleic and cytosolic fractions. For each intron position, cadherin and non-cadherin CAGE tag distributions were computed, all of which normalized to intron length of origin, thus avoiding intron length-related bias. The obtained distributions were compared using the Wilcoxon rank-sum test 21 and P-values corrected using the Bonferroni correction.
RESULTS

Selection of cadherin superfamily members
To characterize the genetic architecture of as many members as possible belonging to the cadherin superfamily, we generated criteria that could successfully gather all genes within this superfamily, using the Ensembl database. 13, 15 We combined literature data and protein domain databases (InterPro 16 ) to collect genes that coded for protein sequences currently classified as cadherins from six distinct genomes, resulting in seven distinct cadherin-related InterPro domains. Selected genes were further curated to assure that only protein-coding genes were selected and included in data set A (Supplementary Table 1 ). All protein-coding genes in each genome that were not selected for the cadherins' data set A were grouped in a control data set named noncadherins. To validate data set A, we compared it with a previously published data set (data set B) based on cadherin superfamily proteinrelated information. 18 For the H. sapiens genome, 90% of cadherins in data set B matched those of data set A. The remaining 10%, corresponded to (1) four protein sequences whose genomic locus we were not able to identify and; (2) four protein sequences that either our approach did not consider to be a cadherin (ie, it did not possess any of the seven InterPro domains selected) or were excluded from data set A given the absence of an annotated ATG/STOP codon. Five of the six genomes analysed, with the exception of X. tropicalis, produced a high overlap between data sets A and B (Supplementary  Table 2 ).
Cadherin introns do not exhibit significant intronic sequence conservation We investigated whether the DNA sequence of cadherin introns was being conserved across vertebrate species. We compared the intronic sequence conservation (Genomic Evolutionary Rate Profiling constrained elements) across 12 mammalian species 15, 31 by studying 3 separated groups of human introns: (1) cadherin introns (data set A); (2) non-cadherin introns; and (3) 1000 data sets of 1000 randomly chosen non-cadherin introns (random data set). Sequence conservation was analysed by separating all cadherin and non-cadherin introns into three length classes, each encompassing the same number of nucleotides. 19 Length classes were named 1-3, with the latter encompassing the longer introns in each genome (Supplementary Table 3 ). By analysing separately each intron length class, we aimed at preventing any length-related bias. In addition, given that most genes in several genomes present their longest intron at the most 5¢-end of the gene and that 5¢-introns frequently encompass important non-coding regulatory elements, 32 we also analysed the sequence conservation of the longest intron from each cadherin and non-cadherin genes. We observed that cadherin introns' frequency of constrained elements was never significantly distinct from that of non-cadherin introns. This was valid for all length classes and for longest introns. In addition, no significant differences were observed in terms of intronic sequence conservation when comparing cadherin introns with the collected random data sets (Supplementary Figure 1) .
Cadherins show a higher average intron number than noncadherins as well as a particular pattern of intron distribution Using the total intron number as a measure of gene architecture, we have observed that overall, the cadherin superfamily of genes presented a higher average intron number than non-cadherin genes in all species analysed (411 introns for cadherins and o9 for noncadherins, P-value ranging from 2.76EÀ08 to 1.15EÀ02, Figure 1 , Supplementary Figure 2 and Supplementary Table 4) . Moreover, the distribution of total intron number was wider in comparison to noncadherin genes and particularly prominent in human and mouse genomes ( Figure 1 and Supplementary Figure 2) . The analysis of the Figure 1 Total intron number distribution in human and mouse non-cadherin genes and cadherin superfamily genes. The grey full line represents non-cadherin genes and the black full line represents cadherin genes (data set A). Values in the top right corner correspond to P-values obtained when comparing data set A against non-cadherins.
Intronic portion of cadherin superfamily members P Oliveira et al distribution of total intron number revealed that while non-cadherins displayed a single and highly enriched peak corresponding to genes with less than 10 introns, the intron number distribution of cadherin genes resulted in four distinct peaks (human and mouse genomes): peak 1 corresponded to o10 introns; peak 2 corresponded to 12-20 introns; peak 3 corresponded to 30-40 introns; and peak 4 corresponded to 50-80 introns (Figure 1 ). Concerning cadherin genes found in non-mammalian species (except C. intestinalis), the peaks observed were less distinct than in mammals, yet still present and the total intron number in cadherins was also significantly distinct from non-cadherin genes (P-value ranging from 1.46EÀ03 to 2.76EÀ08, Supplementary Figure 1 and Supplementary Table 4) . To understand whether the wider range of total intron number resulted mainly from the comparison of a single family of genes against all genes in the genome, we compared the total intron number in cadherins to that of other human gene families/sets: (1) adhesionrelated ADAM, 22 INT 23, 24 and TKs; 24 (2) adhesion-unrelated ARF, 25 MHC 26 and POU 27 ); (3) 1000 randomized sets of 104 human genes selected from within all adhesion-related genes and from within all adhesion-unrelated genes. By comparing intron number distribution with the IQRs (which measures data dispersion 28 ) from cadherin genes with those of the remaining families of genes, we observed that while cadherins displayed an IQR¼15.3, adhesion-related families displayed an IQRo8.5, adhesion-unrelated families of genes displayed an IQRr3 and random data sets exhibited average IQRs not higher than 9.9 (Supplementary Table 5 ). These results showed that cadherin genes displayed a wider total intron number distribution in comparison with all other families/data sets, supporting our previous observation for comparison with non-cadherin genes, and proved that cadherins are in fact a particular family of genes in terms of total intron number distribution.
Cadherin genes have significantly longer introns than other genes in the vertebrate lineage The assessment of cadherin genetic structure revealed that cadherin family members such as CDH1, CDH2 and CDH3 presented unusually large introns. 9, 33 Given the growing evidence of functional regulatory features located within introns, 34, 35 we analysed whether the cadherin superfamily of genes displayed significantly longer introns than other genes in the genomes of H. sapiens, M. musculus and D. rerio, using the three length classes previously described (Supplementary Table 3) . We further analysed separately the longest intron from each gene and all other introns, classified as non-longest. This comparison showed a significant enrichment of all cadherin introns (both longest and non-longest) in length class 3 for all three genomes (P ranging from 1.32EÀ15 to 6.57EÀ07, Figure 2 , Supplementary Figure 3 and Supplementary Table 6 ). All non-cadherin introns analysed (except D. rerio non-cadherin longest introns) in turn were significantly more present in length class 1 (P ranging from 1.32EÀ15 to 2.08EÀ06, Supplementary Table 6 ). These data indicate that cadherin introns are significantly longer than those of non-cadherin genes (regardless of the longest/non-longest status, data not shown) and that this feature is conserved, being therefore potentially relevant to the entire vertebrate lineage. We further calculated the average length of longest introns from cadherin and non-cadherin genes and computed a ratio (average length of longest cadherin introns divided by average length of longest non-cadherin introns). The same was done for non-longest introns. The distributions obtained were compared, and it revealed that five of six species displayed significantly higher ratios either for cadherin longest and non-longest introns (P ranging from 1.96EÀ11 to 4.92EÀ02, Supplementary Table 7 ). An average length ratio per species was also computed and plotted to ease visualization (Supplementary Figure 4) . The higher length ratios for cadherin introns were observed across all vertebrate species analysed, but not in C. intestinalis, an invertebrate species, reinforcing that cadherin's intron length may be a pervasive vertebrate feature.
Cadherin longest introns are positioned preferably at the 5¢ start of the gene and are MIR and MaLR rich and Alu poor Prior reported studies indicated that in eukaryotes the first introns (positioned closer to the 5¢-end of genes) tend to be longer, 32 and often harbour relevant regulatory elements essential for gene expression control. 19, 32, 34 Therefore, we next investigated the position of the longest intron of cadherins in comparison to the annotated transcription start site (TSS). Our data indicated that the majority of cadherins' longest introns (regardless of class) were positioned in the closest 5¢-position in relation to the TSS, as were non-cadherin longest introns in all species analysed (P40.05, Supplementary Figure 5 and data not shown). These observations pointed out that the position of the longest introns in cadherins followed the known trend in several vertebrate genomes inquired.
We next tested whether 5¢-located long introns would accommodate important regulatory-associated annotated features, and determined the frequency of such features within cadherin introns. We analysed the presence of (1) DNAse1 hypersensitive sites, which mark for accessible chromatin; 36 (2) several histone methylation and acetylation marks, which commonly underlie promoter elements; 37 (3) ESTs, which mark for transcription; 38 and (4) DNA repetitive sequences, which have been shown to impact gene regulation. 39, 40 We observed that, for all above-mentioned regulatory features, human cadherin introns displayed similar frequencies in comparison to all non-cadherin introns and to the random data set (P40.05, data not shown), with the exception of DNA repetitive sequences. Human cadherin and non-cadherin introns revealed significant differences in terms of frequency of two specific families of repeats: short interspersed nuclear elements (SINE) and long terminal repeats (LTRs). SINE elements, in particular Alu and MIR (mammalian-wide interspersed repeats), were found to be present in a significantly distinct manner in cadherin introns: (1) Alu elements were significantly less frequent in cadherin introns than in non-cadherin introns (P¼3.94EÀ14 and 1.14EÀ13 for length classes 1 and 2, respectively, Supplementary Figure 6A) ; (2) MIR elements were significantly more frequent in cadherin introns (P¼1.38EÀ04 for length class 1, Supplementary Figure 6B ) in comparison with non-cadherin introns. For LTR elements, a significantly higher frequency of MaLR (mammalianwide interspersed repeats, a subtype of LTR) was observed in both cadherins' smaller and longer introns in comparison with non-cadherin introns (P¼1.05EÀ03 and 3.57EÀ02 for length classes 1 and 3, respectively, Supplementary Figure 6C) . In order to integrate intron length and repeat frequency, we reanalysed all these features in terms of intron positioning. We observed that in terms of intron length, cadherin longest introns were significantly longer than non-cadherin longest introns found at positions 1, 2, 3, 5 and 7 (P ranging from 9.93EÀ09 to 3.92EÀ02, Figure 3 ). Next, we observed that both MIR and MaLR elements' frequency (normalized to intron length) was found to be significantly enriched in introns positioned closer to the 5¢ start of cadherins in comparison with non-cadherin genes. In particular, cadherin introns in positions 2, 3, 7 and 8 were significantly enriched for MIR elements (P ranging from 2.30EÀ06 to 4.21EÀ02, Figure 3 ) and cadherin introns in positions 2, 3, 6, 7, 8 and 9 were significantly enriched in MaLR elements (P ranging from 1.00EÀ09 to 7.58EÀ03, Figure 3 ). Cadherin introns were significantly impoverished in Alu elements in position 10 in comparison with non-cadherin introns (P¼3.99EÀ03, Figure 3 ).
Human cadherin introns exhibit significantly increased MIR and
MaLR frequency with simultaneous increased intronic transcription MIR and MaLR repeat elements are involved in genome novelty by alternative regulation phenomena as well as by promoting exonization. [39] [40] [41] Therefore, we next analysed whether the unusual frequency of Alu, MIR and MaLR elements within cadherin introns was correlated with differential intronic transcription arising from cadherin introns.
To assess cadherin intronic transcription, we mined the data from the pilot stage of the ENCODE project, 14 in particular data obtained by 5¢ cap analysis gene expression (CAGE) performed by Carninci and group 29 at the RIKEN Institute. This technique allowed for the detection of new TSS, and we focused on the data obtained using RNA extracted from cytosolic and nucleic fractions of the lymphoblastic human normal cell line GM12878 to assess transcription. 14 We verified that cadherin introns at positions 2 and 3 displayed a significant TSS enrichment in the cytosolic fraction of the cell line GM12878, arising from both RNA strands (P ranging from 1.51EÀ04 to 4.01EÀ02, Figure 3) . Taken together, a correlation was observed for cadherin introns found at positions 2 and 3, for which cadherin introns were significantly longer, carried increased frequency of MIR and MaLR elements and increased levels of novel transcription initiation than non-cadherin introns (Figure 3 ).
DISCUSSION
The herein presented systematic characterization of the cadherin superfamily of genes encompassed the analysis of the intron sequence conservation; total intron number as a measure of gene structure; intron length and positioning; annotated regulatory and putative regulatory elements; and de novo intronic transcription initiation. We observed that this superfamily displays a higher average intron number than non-cadherins, a particular pattern of intron distribution, and significantly longer introns than the rest of the genome, throughout the vertebrate lineage, emphasizing an overall gene structure conservation in cadherins genes without intronic sequence conservation. This type of analysis has not been reported for other gene families and therefore it is difficult to extrapolate its implications. Nevertheless, the maintenance of many and large fragments of intronic DNA across evolution may indicate an unanticipated importance of these specific structural features. In fact, lack of sequence conservation does not imply lack of functionality of underlying elements and may rather derive from a rapid sequence evolution crucial for species adaptation. 12 We also observed that the unusually long introns were preferably located in the 5¢ start of cadherin genes in line with what is currently described for overall genomes. 32 In fact, first introns are thought to encompass relevant (if not fundamental) regulatory elements. 19, 32, 34 This could therefore support the fact that cadherin introns' length and total intron number have been conserved during evolution to maintain essential underlying regulatory features.
The search for regulatory elements was only performed on the human genome due to the larger bioinformatic data availability (derived from projects such as ENCODE 14 ) and revealed that neither the cadherins' intron sequence was being significantly conserved nor typical insulator/enhancer underlying elements, histone methylation marks or even accessible chromatin areas. Nevertheless, cadherin introns carried significantly more MIR and MaLR repetitive sequences and less Alu elements than all other genes in the human genome. All these repetitive elements are known to be involved in novel regulatory mechanisms and in exonization. 39, 40 Given that the occurrence of exonization leads to the creation of new transcriptionally active regions, we analysed cadherin introns in terms of intron position and observed introns in positions 2 and 3 were not only longer but harboured a concomitant increased frequency of MIR, MaLR and CAGE tags in comparison with the rest of the human genome. This clearly suggests that the long cadherin introns at these two positions may in fact encode novel transcribed regulatory elements associated with MIR and MaLR repetitive elements. Supporting this observation, Figure 3 Comparison of intron length, normalized repeat frequency and normalized intronic transcription between human cadherin and non-cadherin introns. Human cadherin and non-cadherin introns were separated according to their position in each corresponding gene (position 1 corresponds to the most 5¢ intron). Black squares correspond to a significantly enriched feature for cadherin introns (Po0.05); grey squares correspond to a significantly enriched feature for non-cadherin introns (Po0.05); and white squares correspond a non-significantly distinct feature (P40.05).
it has been shown that CDH1 intron 2 entailed unknown regulatory sequences required to initiate transcriptional activation and to maintain its expression in mouse embryo differentiated epithelia. 9 In fact, several other studies have also revealed the relevance of the presence of introns (and consequently of putative intron-based elements) for basic biological processes such as mRNA stability and gene expression. In Arabidopsis thaliana, the removal of introns from the ERECTA gene leads to a dramatic decrease in its mRNA production, which is in addition much less stable and prone to degradation. 42 In the green alga Ostreococcus lucimarinus, a positive correlation between intron presence and increased gene expression has been observed. 43 Moreover, following the same idea, the few annotated intron-containing genes in yeast are responsible for almost one-third of all mRNA transcription, 44 and both human and plant intron-containing genes encode for more stable mRNA transcripts than genes without introns. 45 In conclusion, our study demonstrates that the cadherin superfamily of genes harbours highly specific characteristics from the genomic and transcriptional standpoints, namely high frequency of specific repetitive elements within cadherin 5¢-located long introns combined with an unusual frequency of novel transcription initiation. These findings lay the ground for discovering novel areas important in fine-tuning the expression of this gene family as well as intronic-based regulatory mechanisms, particularly in introns 2 and 3, important for expression of the cadherin superfamily of genes in biological events such as cadherin switching or cadherin gene loss/functional impairment in homeostasis and disease.
